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Vulnerability analysis is crucial to assess natural hazard risk. Methods for vulnerability assessment include
indices as well as vulnerability curves. Vulnerability curves make use of empirical data to show the relationship
between the process intensity and the resulting degree of loss on each affected building whereas vulnerability
indices are based on a number of indicators representing building characteristics and their surroundings. In the
present paper, damage data from two relatively recent torrential events in the European Alps are used to compare
results using a vulnerability curve (Beta model) and a physical vulnerability index (PVI). Following the appli-
cation of both methods, their strengths and weaknesses are outlined. Vulnerability curves constitute a valuable
quantitative method for the assessment of physical vulnerability but, in the present study, they tend to over-
estimate damages. On the other hand, vulnerability indices better support the understanding of local-scale
damage patterns but they require detailed data and further research on weighting and indicator selection. The
study leads to the conclusion that both methods complement each other providing better insights into the
physical vulnerability of buildings exposed to torrential hazards. Furthermore, uncertainties associated with the
two approaches are related to the required data. Therefore, a sensitivity analysis is carried out showing that
process intensity is a key variable for the assessment of vulnerability, whereas, differences in the calculation of
the degree of loss based on different building values are less important. Finally, the paper gives clear recom-
mendations for improved event and damage documentation and provides an outlook on future needs in
vulnerability assessment, including constant updating of both methods based on recent events.
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1. Introduction

Mountain rivers are characterized by flow patterns with variable
amounts of sediment erosion, deposition, and remobilisation (Borga
et al., 2014; Church and Jakob, 2020; Sturm et al., 2018b) that are
hereinafter referred to as dynamic flooding. Typical hazard processes
associated with dynamic flooding include fluvial sediment transport,
debris flows, and related phenomena (Karagiorgos et al., 2016; Maz-
zorana et al., 2014; Milanesi et al., 2018; Slaymaker, 2010). Dynamic
flooding events may not affect large areas the way river floods or
earthquakes do but they cause significant interruption and monetary
damage to households and the local community (Fuchs et al., 2015;
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Schlogl et al., 2019; Zhang et al., 2018; Zischg et al., 2018; Zou et al.,
2018).

Analysis, assessment, and visualisation of vulnerabilities can provide
the basis for the development of mitigation or adaptation strategies
aiming to reduce the consequences of natural hazards. Physical
vulnerability in particular is directly connected to monetary loss and
interruptions that are in the centre of the interests of several stake-
holders including governments, authorities, insurance companies, en-
gineers, and homeowners. For this reason, several approaches have been
developed over the years for the assessment of physical vulnerability
(Vamvatsikos et al., 2010; Fuchs et al., 2019b). A review of methods
used for the assessment of the physical vulnerability of buildings to
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dynamic flooding suggests that there are mainly three methods used:
vulnerability matrices, curves (or functions) and indices (Papathoma-
Kohle et al., 2017). According to this review, the most common method
is the vulnerability curves. Built on empirical data, vulnerability curves
are based on the assessment of observed damage linked to underlying
process intensities (Fuchs et al., 2007). Consequently, vulnerability
ranges from O (no damage) to 1 (complete destruction). They are
important because they can also be used to compute the expected
monetary loss of specific future scenarios and, for this reason, they
constitute a valuable tool for planners, engineers, and local authorities
(Fuchs et al., 2019a; Sturm et al., 2018a).

Nevertheless, two main drawbacks have been identified with respect
to vulnerability curves. Firstly, the spread of loss data is high so that the
resulting vulnerability curves are often only used to show the expected
mean loss associated with specific process intensities. Secondly, input
data are related to economic variables, such as the loss and the recon-
struction value of affected buildings, and other characteristics of
affected buildings that influence the loss are only indirectly acknowl-
edged in the overall assessment. These characteristics, however, play
often a pivotal role in the question of whether or not damage occurs
(Mazzorana et al., 2014; Sturm et al., 2018a), and include information
on the building design and the overall location of the building towards
the hazard process. Therefore, an alternative method to assess vulner-
ability that considers building characteristics has been considered
necessary (Papathoma-Kohle et al., 2019).

Vulnerability indices have been presented as an alternative method
(Fuchs et al., 2019b). These indices consider building characteristics and
once they are identified and quantified with respect to their impact on
triggering damage, they can be used to assess vulnerability without
requiring empirical damage data from past events (Papathoma-Kohle
et al., 2019). Although such indices have their roots in social vulnera-
bility assessment (for an overview, see e.g. Cutter and Finch, 2008;
Fekete, 2019), they also were increasingly used for the assessment of
physical vulnerability. However, similar to the use of vulnerability
curves, some inherent uncertainties make their application challenging,
especially in data-scarce regions as illustrated by Malgwi et al. (2020)
and Malgwi et al. (2021). Additionally, these challenges are related to
the lack of studies focusing on the validation of existing indices or
sensitivity analysis of existing indicators (Chow et al. 2019; Agliata
etal., 2021; Moreira et al., 2021). The aim of the present paper is to close
this gap and to contribute to the ongoing discussion in mountain hazard
risk management. Starting with a current model to assess physical
vulnerability using a curve (Beta model), we present the challenges that
arise when this model is applied to two recent incidents that occurred in
the Italian and Austrian Alps. These events have been chosen due to the
nature of the natural process (dynamic flooding), the similarity of the
building design to the buildings that have been used for the original Beta
model and PVI, and the data availability. Furthermore, we apply in the
same case study areas a physical vulnerability index (PVI) and we
compare the results with the actual degree of loss. In this way, the
predictive capacity of the vulnerability index can be assessed and its
potential to supplement vulnerability curves is demonstrated. Addi-
tionally, a sensitivity analysis is carried out so that the dependency of
the overall index on the target variables becomes evident. The results of
the sensitivity analysis may be used to inform damage documentation
practices to make them more accurate and precise. The authors have
used empirical data to develop the specific tools (vulnerability curve and
vulnerability index) in previous studies (Fuchs et al., 2019a, Papathoma-
Kohle et al., 2019) and this is the first time that both tools will be applied
in newly derived empirical data from two recent events. Preliminary
versions of the tools have been compared in the past (Papathoma-Kohle,
2016) leaving many possibilities for further development and setting the
scene for the present paper.
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2. Methods

In the following paragraphs, a brief overview of the general methods
used to derive (a) the vulnerability curve and (b) the vulnerability index
is provided.

2.1. Vulnerability curves

Vulnerability curves are used to link the process intensity affecting a
building to the degree of loss (Arrighi et al., 2020; Englhardt et al., 2019;
Fuchs et al., 2019a), whereas the latter is usually expressed in terms of a
quotient between the replacement value of an individual building and
the loss that was reported during a specific event (Fuchs et al., 2007). As
far as the process intensity is concerned, it is proxied by the deposit
height. This value is assessed by photographic documentation of the
event or fieldwork by observing the mark of water and debris that has
been left on the outside walls of a building. When the building is not
located on flat ground the maximum (observed) or average (when the
observations from all sides of the building are inspected) deposit height
is considered. We use the word “intensity” and not “magnitude” because
the value concerns a property of the process which is relevant to the
element at risk (debris height on the building envelope).

It is clear from the literature, that there are more properties of the
process that may influence its impact on a building other than the de-
posit height, including the velocity of the flow, its viscosity, and impact
pressure (Quan Luna et al., 2011). Nevertheless, these properties are
usually not captured during an event by e.g. measurements, but have to
be modelled with resulting uncertainties of verification and validation
respectively (Fuchs et al., 2019b). In summary, the variables used for the
development of the vulnerability curves include:

1. The process intensity (proxied by the deposit height)

2. The degree of loss (DoL): expressed as the ratio of the building value
lost. The degree of loss can be calculated when the following vari-
ables are known:

a. The value of the building (as the reconstruction and not the
market value which may depend on other factors such as prox-
imity to infrastructure, touristic location, view).

b. The monetary damage e.g. the compensation that the building
owner received to rebuild or the monetary loss calculated by
assessing the costs of partial damages and their repair.

As such, if the above information is available for a sufficient number
of buildings, a model can be used to compute the resulting vulnerability
curve (Fuchs et al., 2019a). This model includes the process intensity as
the explaining variable and specifically supports the computation of
mean losses for buildings affected by accounting for data skewness.
Moreover, the model is an extension of classical empirical approaches
that rely on a normal distribution of the degree of loss, and allows for an
ex-ante assessment of damage once potential process intensities and the
values of elements at risk are known (e.g. the studies of Cappabianca
et al. (2008), Totschnig et al. (2011), Jakob et al. (2012), Cammerer
etal. (2013), Totschnig and Fuchs (2013), etc.). One of these approaches
especially developed for dynamic flooding is the zero-and-one-inflated
Beta regression model (Fuchs et al., 2019a) in Fig. 1.

The model considers a large amount of data from recent events in the
Eastern European Alps. Its solid predictive power warrants its applica-
tion for supporting risk managers in the modelling of losses during
different hazard scenarios and for different building types. The model
shows clearly that the loss increases with increasing process intensity,
proxied by deposition height. The loss increases rapidly once the
deposition height of 1.5 m is exceeded which can be explained by the
presence of windows that allow the flow to enter the building. The
spread of the data for small intensities may be explained by the presence
(in some cases) of a basement that despite the small intensity of the
process increases the loss and the associated costs.
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Fig. 1. The original zero-and-one-inflated Beta regression model. The dots represent the damaged buildings. The solid line shows the mean damage of the underlying
Beta distribution as a result of different process intensities (deposit height). Additionally, the probability of an undamaged building is shown by the dotted line, and
the probability of a building being completely damaged is shown by the dashed line (modified from Fuchs et al., 2019a).

2.2. The physical vulnerability index (PVI)

The Physical Vulnerability Index (PVI) for dynamic flooding has
been developed based on the characteristics of buildings in the Austrian
Alps that suffered significant damage during a dynamic flooding event in
2005 (Papathoma-Kohle et al., 2019). During the development of the
approach, 23 indicators that were considered of being potentially
important for explaining the degree of loss were collected for every
building. These vulnerability indicators were winnowed by applying the
all-relevant Boruta feature selection (Kursa and Rudnicki, 2010). The
initial set of indicators included wall thickness, the existence of base-
ment and basement openings, surrounding vegetation, ground slope,
natural barriers, etc., however, the all-relevant Boruta feature selection
revealed that only the following seven of these indicators proved to be
able to explain the degree of loss:

the exposure of the building expressed as the water level at the
location of the building (Ex) (proxied by the process intensity),

the vulnerability to water intrusion expressed as the number of levels
affected by the flow (WV),

the height of openings (windows) (Hpp),

the height of the surrounding wall (SURwp),

the material of surrounding wall (SURwn),

the building row towards the flow (ROW), and

the orientation of building (ORI).

The PVI was derived empirically by using the relative importance of
each of the indicators as weight, resulting in the following equation:

PVI = (Ex x 0.28) + (WV x 0.23) + (Hop x 0.20) + (SURwp x 0.12)
+ (SURwm x 0.07) + (ROW x 0.06) + (ORI x 0.04) (1)

The PVI was assigned to each building of the area under investigation
and the spatial pattern of physical vulnerability was visualised in a map.

The PVI can form the basis for decision-making as far as vulnerability
reduction strategies are concerned including targeted building rein-
forcement, planning of structural protection measures, or recommend-
ing local adaptation measures.

The data requirements for the development of the PVI are consid-
erably high. Detailed information on every building is required that in
most of the cases can be acquired only following a detailed field survey.
Nevertheless, some of the necessary information may be acquired by
public authorities, photographic documentation, or online platforms
such as Google Maps and Google Street View.

The main uncertainties associated with the development of PVI are
related to data describing the vulnerability indicators as well as chal-
lenges in assessing the relevant process intensity on each building.
Several uncertainties are associated with the intensity of the process (at
least four out of seven indicators were related to the process intensity).
Moreover, by validating the method on the basis of the actual degree of
loss, different ways of calculating the value of buildings (and conse-
quently the degree of loss) may influence the results of the validation.

2.3. Validation of the PVI and sensitivity analysis

To assess the validity of the PVI, the assigned PVI per building has
been compared with the associated degree of loss, which is also an
important input variable for the classical vulnerability curves. The de-
gree of loss can be defined as the ratio of the building value that is lost
following the impact of a natural process on a building. However, the
degree of loss and its calculation are associated with a number of un-
certainties. As far as the value of the buildings is concerned, it is
important to clarify that this is not the market value, which may fluc-
tuate due to location, view, touristic attractiveness, or proximity to
infrastructure, but the amount of money needed to reconstruct the
building (Fuchs and McAlpin, 2005). Data related to the consequences
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(descriptive or monetary) of dynamic flooding events may be available
by public authorities, may be acquired indirectly from photographic
documentation, or may be provided by multiple sources leading to
different results.

Furthermore, some of the indicators (e.g. height of openings and
height of the surrounding wall) are directly related to the observed
process intensity. Process intensity is often proxied by the deposition
height (Fuchs et al., 2007; Totschnig and Fuchs, 2013), neglecting any
other information on process intensities such as the flow velocity and
pressure (Gall et al., 2009; Mazzorana et al., 2013; Milanesi et al., 2018;
Sturm et al., 2018a; Chow et al. 2018). Information regarding the pro-
cess intensity is usually collected also from photographic documentation
(Papathoma-Kohle et al., 2012). Nevertheless, the assessment is not
straightforward since in mountain environments buildings are often
located on a slope, meaning that the deposition height may vary around
the building (Fig. 2).

Thus, the main sources of uncertainty related to the required data for
the application of a PVI and the sensitivity analysis can be summarized
as follows:

1. Uncertainties related to the assessment of the process intensity: The
process intensity (deposition height) per building is rarely quantified
precisely and, as such, repeatedly mean or maximum values are used.
In most cases, it is assessed from photographic documentation
(Papathoma-Kohle et al., 2012; Totschnig et al., 2011), available
video documentation (Milanesi et al., 2016) or it may be provided by
modelling the process (Mazzorana et al., 2012; Quan Luna et al.,
2011) or by civil protection authorities.

2. Uncertainties related to the monetary loss: The monetary loss per
building is often provided by the authorities (compensation received
per household owner) but, in some cases, it may not reflect the actual
damage (see Holub and Fuchs (2009) and Thaler et al. (2018) for a
discussion on loss compensation). An alternative way to acquire this
information is by translating the actual damage seen in the photo-
graphic documentation to monetary units knowing the size of the
building and the cost of the rehabilitation works (Papathoma-Kohle
et al., 2012).

3. Uncertainties related to the value of the building: The value of the
building may be acquired by multiple sources including insurance
companies, authorities, tax offices etc. Differences in the calculation
of the price derived from the way the size of the building is conceived

Fig. 2. Damaged buildings in Schallerbach (Tyrol, Austria). The building is
located on the slope and, for this reason the deposit height is very high at the
back side of the building in comparison with the deposit height observed in the
opposite side. (Source: Austrian Service for Torrent and Avalanche Control,
with permission).
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(e.g. living area or total area), and the unit of calculation (m? or m3,

see e.g. Papathoma-Kohle et al. (2015), Rothlisberger et al. 2018).

A sensitivity analysis can show how the differences in data may in-
fluence the results and consequently the reliability of the method. In the
following sections, data from multiple sources and differences in the
interpretation of photographic documentation to assess the process in-
tensity are used as a basis for the sensitivity analysis.

In more detail, the process intensity has been captured in two
different ways: (a) as maximum intensity, meaning the maximum flow
height that can be observed on the building envelope and (b) as mean
intensity, meaning the average intensity that can be observed on the
building when we consider all the sides. Moreover, the degree of loss has
been calculated based on two different reconstruction value prices. The
first one is an approach by Kranewitter (2017) providing averaged price
levels for different building categories, and the second one is a local
approach using specific costs and price levels for each case study
considered.

2.4. Case studies and data collection

The Beta model and the PVI were developed based on damage data
from dynamic flooding events in Austria and Italy. To test the predictive
capacity of the methods, two case studies have been chosen where
recently dynamic flooding events have occurred. The two case studies
were Dimaro (2018, Trento, Italy) and Schallerbach (2015, Tyrol,
Austria)

2.4.1. The Rotian river event and the damages in Dimaro (29 October
2018, Trento, Italy)

Dimaro is a small mountain village, located in the autonomous
province of Trento, in the eastern Italian Alps (Fig. 3). The village covers
an area of approximately 36.53 km? and the average altitude is 766 m
asl (Comune di Dimaro Folgarida, 2016). According to the Italian Na-
tional Institute of Statistics (ISTAT) the municipality counts 2071 in-
habitants (ISTAT, 2021). The village is located on the alluvial fan of the
Rotian river basin, with a drainage area of 253 km? and an altitude
ranging between 829 and 2070 m asl.

During the last 150 years, the area has been affected by several
torrential events, with two disastrous events occurring in 1882 and
1885. After the events, a system of river dykes was built to prevent the
inundation of the alluvial fan. In the period 1973-1980 the first

0 190 200 km
\e \

~

Ny

Germany

Fig. 3. Location of the two case studies (Basemap: Stamen Watercolor).
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protection structures were planned in the headwater catchment and a
system of 16 large reinforced concrete check dams was built, together
with retention basins. Later, in the period 2014-2018, an open check
dam was realised in the last reach of the river creek before the alluvial
fan.

The extreme precipitation event occurring on 27-29 October 2018
triggered a sequence of three debris flows. With 350 mm in 72 h, the
precipitation event is characterised by a return period (computed based
on the technique illustrated by Norbiato et al, 2007) exceeding 300
years. In total, more than 150,000 m> of debris were deposited by the
debris flows over the alluvial fan (Comune di Dimaro Folgarida, 2020).
The deposition zone of the debris flow encountered the western part of
the settled area of Dimaro, causing considerable damage to the present
built environment. A woman got trapped in her home by the debris and
lost her life, and 26 buildings were damaged at various degrees. About
200 people were forced to evacuate their homes (Comune di Dimaro
Folgarida, 2020).

For the present study, 24 residential buildings that have suffered
damage during the Dimaro event in 2018 have been identified and
analysed. To assess the deposition heights a significant amount of in-
formation has been collected including (i) photographs taken only a
short time after the event (ii) images from Google Street View (iii)
supplemented with pictures available online from local newspapers and
(iv) also videos taken by private persons found on the video-sharing
platform “YouTube”.

By using the set inventory of images, the deposition height is derived
from the evaluation of the height of the marks left by the debris and/or
the water on the walls of the structures. This process depends on the
subjective perception of the data collector. To minimise a possible bias,
already known heights were used for comparison. For instance, the
average height of a storey in the province of Trento adds up to 2.90 m,
including the height of a room with 2.60 m and the thickness of the
ceiling with 0.30 m. This value can serve as a relevant reference point, as
well as the average height of the lower edge of windows with approxi-
mately 1.00 m or the mean height of balcony doors with 2.00 m. The
deposition heights for the 24 buildings have been estimated in two
different ways: as the maximum deposition height (Hpqy) and as the
average deposition height (Hgyerqge), calculated from the maximum and
minimum observed deposition height.

The monetary damage to each building has been assessed for every
structure individually. The reconstruction value of the building implies
the repairing costs to rebuild or substitute the entire building and has
been calculated by using given local standard prices in €/m? or €/m®.
Two different locally-linked pricing methods have been applied:

Pricing method A: The minimal real estate price for residential
buildings was used, for normal maintenance status, given by the
“agenzia delle entrate”, the Real Estate Observatory of the Italian Rev-
enue Agency, for the location of Dimaro in €/m? (gross area) for the year
2019. The resulting building value was 1700 €/m?>.

Pricing method B: The standard costs for buildings in Tyrol, Austria
were used, calculated after Kranewitter (2017) in €/m? (net area). The
resulting building value was 1650 €/m2,

Building specific results of all calculation methods for the process
intensity and the degree of loss are provided in Appendix A and are used
for the sensitivity analysis.

2.4.2. The Schallerbach torrent event and the damages in Gries (08 June
2015, Tyrol, Austria)

The case study area belongs administratively to the municipality of
See which is situated in the Paznaun valley in the Austrian province of
Tyrol in the Eastern European Alps and, according to Statistik Austria
(2019), has 1197 inhabitants.

The river Trisanna flows through the Paznaun valley, draining it into
the river Inn. One of its tributaries in See is the torrent Schallerbach. The
catchment of Schallerbach has a size of 8.3 km? and the elevation within
the fan ranges from 1012 to 2936 m asl. On its flow length of 4.6 km the
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torrent has an average slope of approx. 28 %. The steepest part, with an
average slope of 50 %, is located right above the settlement (Hiibl et al.,
2016).

The study area has been affected by several torrential events in the
past. Past events in 1834, 1876, 1868, 1919, and 1960 caused damage to
farmlands, small roads, or bridges. In 1961, the authorities started to
build the first river engineering structures at the Schallerbach and
constructed a channel bed and a log dam with a bedload retention basin
in 1961. Earth dams secured by large boulders were also created to
connect the concrete structures laterally with the terrain (Hiibl et al.,
2016).

On 8 June 2015, due to heavy rainfall, a debris flow occurred
directing the subsequent flow over the left earth dam leading to its
collapse. Consequently, about 90 % of the discharge went down the
alluvial cone into the direction of the settlement. Due to the collapsed
earth dam, the deposited sediments started to erode, and three waves of
fluvial sediment transport hit buildings in Gries and Elis leading to se-
vere destruction. The process was estimated to have a discharge of
around 60 to 90 m>/s and a flow speed of 4 to 6 m/s (Hiibl et al., 2016).
The deposition occurred mainly on the deposition cone due to the flat
terrain and the retention basin. Altogether around 60,000 m® of sedi-
ments were deposited there; 35,000 m® of which were stored in the
retention basin.

The debris flow, the fluvial sediment transport, and erosion resulting
from the torrential event caused damage to infrastructure as well as to
buildings. Several small roads were destroyed and federal road B 188
was temporarily closed. According to the event documentation (Hiibl
et al.,, 2016), 70 houses were damaged and four were completely
destroyed. However, a recent report claims that 45 houses were
damaged whereas the damage protocols list 32 houses that suffered loss
(Kurz and Jager, 2019). The reported damage acknowledged by ap-
praisers for private houses ins Gries and Elis (cars excluded) summed up
to 6.21 million € (for the 32 buildings).

For the present study, 21 buildings in the district of Gries that have
suffered damage during the Schallerbach event in 2015 have been
identified and analysed. The affected buildings were either residential
buildings or hotels. In this study, however, only residential buildings
were considered. Most of them were constructed with brick masonry and
the majority of the houses (16 out of 21) were constructed after 1970.
The buildings were rather big for single-family houses, with a mean
gross area of 454 m? per building.

In the damage protocols, there are 33 entries of damage data from
houses of the study area, however, only 21 of those are used in this study
because only for these buildings the required data were available.

The degree of loss was calculated using two different pricing
methods:

Pricing method A: The standard costs for buildings in Tyrol, Austria
were used, calculated after Kranewitter (2017) in €/m? (net area). The
resulting building value was 1650 €/m?2.

Pricing method B: Reconstruction values were calculated based on
the building volume and interpolation, the resulting value was 540
€/m®,

In more detail, pricing method A provided average prices for con-
struction costs for different building types and standards. These prices
are given in € per gross square meter and for a room height of 2.8 m.
Furthermore, it was possible to calculate the values for areas of different
usage by multiplying the adapted value with different reduction factors
following ranges given in Kranewitter (2017), which were 40 % to 70 %
of the adapted value (for cellars, garages, and side buildings) and 70 %
to 100 % of the adapted value (for attics). The pricing method B used for
the calculation was based on the building volume which was calculated
based on digital elevation models. A digital model of difference was
calculated by subtracting the surface model (DSM) from the terrain
model (DTM) (DSM 2012 — DTM 2012). The result was a model with the
height of all filtered parts, such as buildings or trees. Then the sum of all
pixel values in the shapes of the buildings of the digital cadastral map
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was calculated. This value provided an approximation for the building
volume. Next, the building volumes were multiplied by a price variable
of € 540 per cubic meter of building volume, which equaled the recon-
struction value.

The buildings were affected by maximum deposition heights ranging
from 0.1 m to 3.4 m. The hazard intensity was assessed in two different
ways by taking the maximum deposition height (Hyq,) and the mean
upslope deposition height (Hypmeqn) for each building into account.

The maximum and mean intensity as well as the degree of loss per
building calculated in two different ways for the Schallerbach case study
are shown in Appendix B.

3. Results
3.1. Application of the Beta model

The data from the two case studies are displayed together with data
used in the original Beta model (Fuchs et al., 2019a) in Fig. 4.

It becomes obvious that the overall degree of loss is below a range of
around 0.4 for all intensity values in both of the case studies. Similarly,
the increase of the vulnerability curve with increasing process intensities
cannot be observed as clearly as in the original Beta model. Although for
low process intensities the data points are located close to the curve of
the original Beta model, for intensities higher than 2 m the degree of loss
ranges between 0.05 and 0.4 with one exception. If the data of both of
the case studies are regarded in relation to the original shape of the
model, considerable differences become evident (Fig. 5). For both of the
case studies process intensities higher than 1 m result in an underesti-
mation of the original model (Fig. 5, upper and lower left), with a
maximum around intensities of 2.5 m. If the calculation is computed
with mean process intensities, the deviation is naturally less obvious
because data get shifted to the left on the x-axis, with the same value of
the degree of loss on the y-axis (Fig. 5, upper and lower right). However,
for the Dimaro case study an underestimation of around 10 % is still
detectable for process intensities higher than 1 m. This provides evi-
dence on the importance of the process intensity as an explaining vari-
able. In contrast, the use of different methods to determine the degree of
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loss seems to have less influence on the results (Fig. 5, upper and lower
row).

An explanation for these results may be associated with the design
and architectural characteristics of the buildings or the surroundings
due to architectural or structural particularities that are not considered
in the Beta model. These particularities may include differences in the
material and design of buildings, surroundings that may offer protection
(walls, vegetation), or even particularities such as balconies or other
protruding parts. Instead, the Beta model mirrors the average vulnera-
bility which has been empirically derived from the underlying case
studies. It is, therefore, crucial to include such information when we
assess the physical vulnerability of the buildings. Hence, the vulnera-
bility index could be a promising approach, and the index can be used to
supplement loss information given by (empirical) vulnerability curves.

3.2. Application and sensitivity analysis of the PVI

3.2.1. Application in Dimaro

According to equation (1), the physical vulnerability index was
calculated for the 24 reviewed buildings with the subsequent results.
The spatial distribution of the PVI is shown in Fig. 6. The PVI per
building is shown in Appendix A.

The validation of the PVI in Dimaro is based on the comparison be-
tween the PVI of the buildings and the observed degree of loss during the
2018 event. From the distribution of the PVI it becomes evident that
there is a cluster of buildings with high PVI in the east part of the village.
Buildings with lower PVI are mostly located in the lower part of the
valley, and buildings with higher PVI are located in proximity to de-
positions of the 2018 event. Nevertheless, some buildings located on
higher ground close to the forest have a low PVI (blue colour) because
they may also be protected by the vegetation around them. In the highly-
exposed cluster of buildings, a building with lower PVI (orange colour) is
surrounded and probably also protected by some buildings with higher
PVI (red colour). Such so-called shielding effects of buildings to neigh-
bouring structures in mountain areas have been also recently reported
from laboratory studies by Sturm et al. (2018a, b).
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Fig. 6. Spatial distribution of the PVI (four vulnerability classes: very low (blue), low (light blue), high (orange), and very high (red)) in Dimaro.

3.2.2. Application in Schallerbach

The PVI has been also calculated for all the 21 damaged buildings in
Schallerbach and its spatial distribution is shown in Fig. 7. The PVI for
each building is given in Appendix B.

The spatial distribution of the PVI shows that there is a cluster of
highly vulnerable buildings (red colour) in the centre of the case study
area. Nevertheless, buildings that had direct contact with the flowing
water body belong to the second-highest vulnerability class (orange
colour). Similar to the Dimaro case study, shielding effects resulting
from a protective function of buildings closer to the process area can be

observed, and buildings that belong to the two lowest PVI classes seem
to be protected by a cluster of buildings that are located on higher
ground behind them.

3.2.3. Validation and sensitivity analysis

The relationship between the PVI and the degree of loss is demon-
strated in Fig. 8 by four panels. The left panels show the PVI for the
maximum process intensity and the right panels show the PVI for the
mean intensity. In all plots, it becomes evident that buildings that have
experienced a low degree of loss have been also assigned a very low PVI.



M. Papathoma-Kohle et al.

Journal of Hydrology 607 (2022) 127501

Fig. 7. Spatial distribution of the PVI (four vulnerability classes very low (blue), low (light blue), high (orange) and very high (red)) in Schallerbach.
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In turn, with an increasing PVI the degree of loss is also increasing in all
four panels, which is consistent with the overall expectation. Similar to
the vulnerability curves, the key variable here is the process intensity,
which is also mirrored in equation (1) accordingly by a high weighting
factor. Moreover, the insignificant influence of different methods to
calculate the degree of loss on the overall result is evident.

Even though the PVI includes some information on building char-
acteristics, which renders it a useful method to complement vulnera-
bility curves (which rely on process intensity only), some unobserved
heterogeneities remain. In Fig. 9, two buildings in Schallerbach are
shown that represent both a degree of loss of almost 1 (violet squares in
Fig. 8). These show different PVI values of 3.3 and 4.6, respectively, if

the maximum process intensity is considered. Hence, information other
than those considered during the calculation of the PVI (e.g. material of
construction, number of floors, wall thickness) may also be important to
gain full insight into the physical vulnerability of buildings exposed.

From all these observations it can be assumed that when the
maximum process intensity is considered, the PVI performs better than
when the mean intensity is considered, which is in line with the fact that
the original weighting was established using maximum process intensity
as a basis. However, as far as the degree of loss is considered, the dif-
ferences are minimal.
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Fig. 9. Two buildings that experienced the highest degree of loss (approximately 1) in the Schallerbach case study (Source: WLV).

4. Discussion and conclusion

For the assessment of physical vulnerability, two different methods
have been applied to two case studies: vulnerability curves and
vulnerability indicators. The first (Beta model) turned out to over-
estimate the losses in comparison to similar events that occurred in the
past (e.g., Fuchs et al., 2019a). It is clear from Fig. 4 that the data from
Dimaro and Schalerbach (blue and green dots) lie significantly lower
than the data from past events (orange dots) This may be attributed to
local differences in the housing which reflects on of the main disad-
vantages of vulnerability curves which is the lack of consideration of the
characteristics of the buildings. The application of the second approach
(PVI) showed that it may be used to complement the use of vulnerability
curves and provide insights on local-scale damage patterns (e.g., Papa-
thoma-Kohle et al., 2019).

For the present study, a number of assumptions and limitations have
to be pointed out. The expression of the process intensity only by using
one property (deposit height) of the process is one of the limitations of
the study. Moreover, detailed damage data are not always available
partly due to the lack of standardised processes for their collection but
also due to time limitations (building owners start cleaning and repair
damages right after the event). Finally, the amount of available data is
still relatively low but with ongoing updating of the database, an
improvement of the tools and their reliability can be expected.

However, an overall consistency of both methods has been demon-
strated, leading to the conclusion that vulnerability indices such as the
PVI can be used to supplement vulnerability curves during the assess-
ment of vulnerability. There was strong evidence in both methods
applied that accurate and consistent information on process intensity is a
key variable for the assessment of vulnerability, whereas differences in
the calculation of building values are less important. The overall range
in the data, however, is a result of many factors; some of them have not
been identified in the damage and event documentation underlying the
presented case studies. Consequently, to avoid such unobserved het-
erogeneities, there is a strong need to expand the information collected
so that the explanatory power of both, vulnerability curves and indices
can be enhanced. Specifically, we propose the collection of additional
information during event and loss documentation. Such information
may include indicators related to the design and architecture of build-
ings (Holub et al., 2012; Schinke et al., 2016), the building material and
state of maintenance (Neubert et al., 2016), available retrofitting and
local structural protection (Attems et al., 2020; Rehan, 2018), as well as
other information on loss characteristics (Zischg et al., 2021). In this
way, it is possible to update the vulnerability index but also to include
local characteristics should the study area not share similar architecture
with the areas used for the development of the index.

It has also been shown that data regarding building characteristics
may be collected either through fieldwork or by using photographic
documentation or even online tools such as Google Street Map, which in
turn makes this method also suitable for application in data-scarce

regions (Malgwi et al., 2020). The majority of the required data is
straightforward (e.g. orientation of the building, building surroundings,
etc.) but some of them are related to the expected processes intensity
and need therefore careful evaluation (e.g. height of openings).

To conclude, indicator-based methods for the assessment of physical
vulnerability are on the rise and can act as a good alternative to the use
of vulnerability curves. The application showed the reliability of the
method and a sensitivity analysis provided valuable support for
improved event documentation. In more detail, according to the results,
the way the reconstruction value of a building is calculated may be
flexible, whereas it is obvious that the consideration of the highest in-
tensity of the process leads to more reliable results. Finally, the
consideration of additional indicators may be necessary, but this re-
quires additional data from buildings that have suffered damage from
dynamic flooding. Tools such as the vulnerability curves and the
vulnerability index should be continuously updated and improved since
they provide quantitative information regarding the possible loss of
future events.
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